The realization of acoustic devices analogous to electronic systems, like diodes, transistors, and logic elements, suggests the potential use of elastic vibrations (i.e., phonons) in information processing, for example, in advanced computational systems, smart actuators, and programmable materials. Previous experimental realizations of acoustic diodes and mechanical switches have used nonlinearities to break transmission symmetry. However, existing solutions require operation at different frequencies or involve signal conversion in the electronic or optical domains. Here, we show an experimental realization of a phononic transistor-like device using geometric nonlinearities to switch and amplify elastic vibrations, via magnetic coupling, operating at a single frequency. By cascading this device in a tunable mechanical circuit board, we realize the complete set of mechanical logic elements and interconnect selected ones to execute simple calculations.
T
he idea of realizing a mechanical computer has a long established history (1) . The first known calculators and computers were both mechanical, as in Charles Babbage's concept of a programmable computer and Ada Lovelace's first description of programing (2) . However, the discovery of electronic transistors rapidly replaced the idea of mechanical computing. Phononic metamaterials, used to control the propagation of lattice vibrations, are systems composed of basic building blocks, (i.e., unit cells) that repeat spatially. These materials exhibit distinct frequency characteristics, such as band gaps, where elastic/acoustic waves are prohibited from propagation. Potential applications of phononic metamaterials in computing can range from thermal computing (3) (4) (5) (at small scales) to ultrasound and acousticbased computing (6, 7) (at larger scales). Phononic devices analogous to electronic or optical systems have already been demonstrated. For example, acoustic switches (8, 9) , rectifiers (10, 11) , diodes (12) (13) (14) (15) , and lasers (16, 17) have been demonstrated both numerically and experimentally. Recently, phononic computing has been suggested as a possible strategy to augment electronic and optical computers (18) or even facilitate phononicbased quantum computing (19, 20) . All-phononic circuits have been theoretically proposed (21, 22) and phononic metamaterials (23) (24) (25) (26) have been identified as tools to perform basic logic operations (6, 7) . Electromechanical logic (27) and transistors (28) operating using multiple frequencies have also been demonstrated. Most of these devices operate using electronic signals (26) and/or operate at mixed frequencies. When different frequencies are needed for information to propagate, it becomes difficult, if not impossible, to connect multiple devices in a circuit.
Electronic transistors used in today's electronic devices are characterized by their ability to switch and amplify electronic signals. Conventional field-effect transistors (FETs) consist of at least three terminals: a source, a drain, and a gate. The switching functionality takes place by applying a small current at the gate to control the flow of electrons from the source to the drain. Due to the big difference between the low-amplitude controlling signal (in the gate) and the higher amplitude controlled signal (flowing from the source to the drain), one can cascade an electronic signal by connecting multiple transistors in series to perform computations. In this work, we experimentally realize a phononic transistor-like device that can switch and amplify vibrations with vibrations (operating in the phononic domain). Our phononic device uses elastic vibrations at a gating terminal to control transmission of elastic waves between a source and a gate, operating at a single frequency (f0 = 70 Hz; Materials and Methods and Supporting Information). It consists of a one-dimensional array of geometrically nonlinear unit cells (representing the metamaterial), connecting the source to the drain (Fig. 1A) . Each unit cell is composed of a spiral spring containing a magnetic mass at its center. The magnetic mass allows the stiffness of the spiral spring to be tuned by an external magnetic field. The metamaterial is designed to support a resonant, subwavelength band gap, whose band edges vary with the stiffness of the spiral springs (Fig. 1B) . To tune the mechanical response of the metamaterial, we place an array of permanent magnets under the unit cells. We couple the permanent magnets to a driven, magnetic cantilever (herein referred to as the gate, Fig. S1 ), designed to resonate at a frequency f0 = 70 Hz. When the gate is excited by a relatively small mechanical signal, the resonance of the cantilever shifts the array of magnets (Movie S1) and tunes the transmission spectrum of the metamaterial ( Fig. 1 B and C) . The energy potential of the gating system is bistable (Fig. S2 ) and provides control of the transmission of a signal from the source to the drain (Fig. S3) . We characterize the transistor-like device experimentally (Materials and Methods and Supporting Information) by fixing one end of the metamaterial structure to the source
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One of the challenges in materials physics today is the realization of phononic transistors, devices able to manipulate phonons (elastic vibrations) with phonons. We present a realization of a transistor-like device, controlled by magnetic coupling, which can gate, switch, and cascade phonons without resorting to frequency conversion. We demonstrate all logic operations for information processing. Because our system operates at a single frequency, we use it to realize experimentally a phonon-based mechanical calculator. Our device can have a broad impact in advanced acoustic devices, sensors, and programmable materials. (i.e., a mechanical shaker) and the other end to the drain (a fixed, rigid support). The signal at the drain is measured using a laser Doppler vibrometer. The operation frequency of the transistor is indicated by the dashed-green line in Fig. 1C . The gate tunes the transmission signal from the source to the drain, acting as a switch for a harmonic, elastic wave with frequency f0. In Fig. 1C , the black and brown transmission lines represent 0 and 1 states and the highlighted orange region is the band gap obtained from the numerical analysis of the infinite periodic medium theory, as in Fig. S4 . The ratio between transmission coefficients in the ON and OFF states is 12.5 in Fig. 1C . Whereas most transistors retain asymmetric transmission, transistor models (e.g., junction gate field-effect transistor) exist that require one to choose, before using them, which terminal to assign to a drain and a source (i.e., it is symmetric with respect to transmission from the source and the drain). Moreover, if an asymmetric transmission is required, a defect can be simply incorporated into the metamaterial array (15); however, this might come at the expense of operating at a unified single frequency (because of the nonlinear mode conversion).
To demonstrate the switching functionality of the transistor, we measure the transmission at the drain as a function of gate input (Fig. 1D ). As we increase the vibration amplitude at the source, we observe an increase in the efficiency of the transistor as a switch. For instance, when the source input is relatively small, e.g., the velocity amplitude of the driving signal is set to 15 mm/s, the gate can be opened (switching the system ON) with a gate excitation of 5 mm/s, with a source-to-gate input ratio of 3. If the source input is larger, e.g., 45 mm/s, a smaller excitation of the gate, 3 mm/s, is sufficient to switch the system ON, with a source-to-gate input ratio of 15. Stronger source signals translate to larger displacements of the metamaterials that, in turn, affect the coupling strength between the array of control magnets and the magnets in the metamaterial. The strengthening of this coupling leads to an increase in efficiency in the gating functionality, defined as source-to-gate input, by at least a factor of 5 in the configurations tested experimentally.
To demonstrate signal cascading, we connect two transistors in a mechanical circuit (Fig. 1E) . During the experiments, the sources of both transistors (sources 1 and 2) are always turned ON, and the transmission at gate 1, drains 1 and 2 is measured with a laser vibrometer (Fig. 1E) . We normalize the signal at both drain terminals to its maximum amplitude of transmission, to visualize the difference between the ON and OFF states. The leakage at the two drain terminals is less than 10% of the transmission amplitude when the gate is closed (Fig. 1E , Inset). This value is close to the background noise level captured by the laser vibrometer in absence of excitation. To show the cascading effect between the two transistors, we consider the time signal of gate 1 as the circuit input and the measured signal at drain 2 as the circuit output (Fig. 1F ). Once gate 1 is open, both drain 1 and drain 2 gain transmission, with a delay of less than 1 s. The two signals (drain 2 output)/(gate 1 input) demonstrate an amplification factor bigger than 5. This value can be increased by changing the excitation amplitude of source 2.
Modern electronic devices use connected stacks of switches to perform logic operations. For example, in an AND logic operation, when two switches are connected in series, no signal passes through unless both switches are open. In other words, the output of the circuit is 1 (true) when both inputs are 1 (true) and 0 (false) otherwise. If two switches are connected in parallel, when either one of them is open (true), the circuit produces an output signal (true). This circuit represents an OR gate. Following the same approach, one can create all of the basic electronic logic gates, using switches as basic building blocks (Fig. S5) . In our work, we use a configuration of four interconnected switches to experimentally realize phononic logic gates analogous to all existing electronic ones. We refer to this configuration as the universal phononic logic gate (UPLG) (Fig.  2A) . One terminal ( Fig. 2A, Left) of the UPLG is connected to a vibration source that excites harmonic elastic waves. We measure the signal transmitted to the other terminal ( Fig. 2A , Right) in the location indicated by the blue and orange dots. To implement all of the logic operations, we change the coupling between the magnetic control stages (Mi , with i = 1,...,4) for each gate in a systematic manner (Fig. 2B ). For instance, to have an AND gate, we connect M1 and M3 into one magnetic stage that could be driven by a magnetic cantilever as a single control unit, representing a binary state, A. Stages M2 and M4 are coupled in a similar manner representing another binary state, B. The positions of the magnetic stages, resembling the AND gate functionality, represent the logic operation 0 AND 0 resulting in 0 (i.e., all switches are black/OFF, Fig. 2B ). Another example is the XNOR gate; both pairs M1,3 and M2,4 are coupled, but with a different coupling distance than the AND gate. The XNOR represents the operation 0 XNOR 0 that results in 1 (two green/ON switches along the same transmission line, Fig. 2B ). The numerical simulations of the operations 1 UPLG 0 (Fig. 2C ) agree with the corresponding experimental measurements (Fig. 2D) . In experiments, we measure the output at the two end points of the UPLG, to characterize each transmission line and define the output of the gate as the summation of the two signals. We define logical 1 as signals with a transmission amplitude bigger than two-thirds of the maximum signal transmitted through 14 resonators (one line of resonators in Fig. 2A ) and logical 0 as signals with less than one-third of that maximum. For example, for the logic operation 1 OR 0 (Fig. 2D , Center Left) one transmission line is open (blue) whereas the other is closed (orange). In this case, we measure about 10% transmission leakage from the ON to the OFF line. The realization of all logic gates is the basis for performing computations in various devices. In a binary calculator for example, the addition operation is executed in the calculator circuit board by a group of contiguous full adders (Fig. 3A) . The number of binary bits a calculator can add is equivalent to the number of full adders it contains. Each of these adders can be split into two half adders, each composed of interconnected XOR and AND gates (Fig. 3B) . The circuit board for a mechanical full adder composed of two half adders (Fig. 3C ) is similar to an electronic calculator, in which the two half adders are linked together by an OR gate. We experimentally construct the phononic circuit board for a simple binary calculator. We demonstrate, without any loss of generality, the calculator carrying out the operation 1 + 1. To add two bits, only a single half adder is needed (there is no carry-in from any previous operation). The experimentally obtained time-series envelope of the operation 1 + 1 is presented in Fig. 3G. Fig. 3D shows the mechanical signal as it propagates in the circuit in red lines, whereas the attenuated signal is plotted in black lines. The difference between the transmitted vs. the attenuated signal is more than one order of magnitude, drawing a distinct line between the 0 and 1. The finite-element mode shapes (Fig. 3E) of the same operation agree with the measured transmission pathway. The realization of a circuit board for a full-fledged mechanical calculator (addition, subtraction, multiplication, and division) using the same design principle can easily follow. Although our proof-of-principle experiments were performed at the macroscopic scale, the planar geometry of our devices makes them scalable to micro/nanoscales. Miniaturization of the concept would allow the realization of devices that operate at higher-frequency ranges and speeds. For instance, if we scale the unit cell size to 25 µm, a dimension easily achievable with conventional microfabrication tools, the device will operate in the ultrasonic frequency range ∼70 kHz. The speed of switching will scale by a power of 4 [mass scales approximately O(3) and the distance scales linearly]. This translates to a possible switching speed much higher than the frequency of operation.
This work presents a conceptual design of a dynamically tunable phononic switch and provides experimental realization for its functionality. The connection of multiple elements in a circuit allows it to perform computing operations. This provides an experimental demonstration of switching and cascading of phonons at a single frequency and serves as the basis for mechanical information processing, which can have an impact in soft robotics, programmable materials, and advanced acoustic devices.
Materials and Methods
For the experimental realization of the phononic transistor-like device, the tunable metamaterial, connecting source and drain, was fabricated from medium-density fiberboard (MDF), using a Trotec Speedy 300 laser cutter. The mechanical properties of the MDF were characterized using a standard tensile test with an Instron E3000. The measured Young's modulus is 3 GPa and the density is 816 Kg/m 3 . The quality factor of the metamaterial is ≈20 (Fig. S6) . The unit cells in the metamaterial consist of four concentric and equally spaced Archimedean spirals, with lattice spacing of 25 mm. Cylindrical neodymium nickel-plated magnets, with a 3-mm diameter and a 3-mm thickness, were embedded in the center of each unit cell. An array of control magnets with a 20-mm diameter and 5-mm thickness was placed on a movable stage below the array of unit cells. To control the movable stage, we coupled it to a vibrating cantilever (the gate) attached to a separate vibration source (Fig. 1A and Supporting Information). The gate is a rectangular cantilever of dimensions 125 mm × 15 mm, connected to the drain (right end) of the metamaterial. The gate-control magnets, attached to the side of the control stage, are squares, with 10-mm side length and 3-mm thickness, whereas the ones attached to the cantilever are rectangular with 6-mm × 4-mm × 2-mm dimensions. Mechanical oscillations in the source terminal were excited using a MiniShaker (Brüel & Kjaer Type 4810) with two identical audio amplifiers (Topping TP22) and were then optically detected at the drain by a laser Doppler vibrometer (Polytec OFV-505 with a OFV-5000 decoder, using a VD-06 decoder card). A lock-in amplifier from Zürich Instruments (HF2LI) was used to filter the signal. The frequency response functions plotted in Fig. 1C are the velocity amplitude at the output (drain) normalized to the signal at the input (source). The time series in Figs. 1 C and F, 2D , and 3G are obtained using an oscilloscope (Tektronix DPO3014). The time signals in Figs. 2D and 3G are filtered using a passband filter between 50 Hz and 90 Hz. The excitation amplitude at the source is 15 mm/s in Fig. 1C . All of the numerical simulations are done in COMSOL 5.1, using the structural mechanics module.
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Gating System
The phononic transistor shown in Movie S1 can be represented by the schematic diagram in Fig. S1 . A metamaterial, consisting of an array of seven spiral-spring resonators with embedded magnets (not shown in the schematic), connects the source (i.e., a mechanical shaker) to the drain. A control stage, which contains seven magnets corresponding to the number of unit cells in the metamaterial, is positioned 7 mm below the metamaterial. The control stage also contains two other magnets, one on each side (left and right in the schematic diagram), which couple to two magnetic, resonant cantilevers.
The ON/OFF switching occurs when a low-amplitude mechanical signal of frequency (f0) excites the magnetic cantilever, causing it to resonate. This resonance disturbs the energy potential of the control stage due to its magnetic coupling with the cantilever and induces a shift of the control stage from left to right (Fig.  S2) . When the stage moves, the magnetic field between the control stage magnets and the metamaterial magnets causes a shape change in the spiral-spring geometry from a flat (2D) shape to a helical (3D) shape (Fig. 1B) . The shape change, in turn, shifts the band-gap frequency. This allows a mechanical signal with the same frequency (f0) and higher amplitude to flow from the source to the drain through the metamaterial.
Bistable Potential
The system in Fig. S1 can be described analytically with a discrete mass-spring model. We assume the two cantilevers to be identical, having a stiffness k1 and mass m1. Each cantilever is coupled with the control stage by a magnet, which is represented by a nonlinear spring with stiffness k2. The control stage has a mass m2 and has two hard-end stops represented by the nonlinear spring k3 in both direction (Fig. S2) . The side-to-side distance between the two resting positions of the control stage is 6 mm, which is the required displacement to switch the transistor ON and OFF.
The forces acting on the control stage are emerging only from the magnetic cantilevers (k2) and the end stops of the stage (k3). Their potential can be approximated as
where VS represents the displacement of the control stage, with x end = 3 mm. The magnetic potential is obtained by integrating FMag over ∂x , where p is the polarization vector and ri,j is the vector connecting the two magnets i and j . The hardend stops are represented by the nonlinear springs k3 that are one sided:
The magnetic dipole-dipole interaction force is calculated using ref. 29 ,
where µ is the magnetic permeability of air, ≈ 4 * π10 −7 (N/A 2 ). An approximation of the magnetic momenta pL, pR, and pS is obtained using the forces indicated by the manufacturer (www.
supermagnete.ch), using FMag for touching magnets. The vectors rS,L and rS,R connect the stage to the cantilever magnets.
and rS,R = [x0,mags − x , d0 + dp R , 0] m, where x0,mags = x end + 1.7 × 10 −3 , and d0 = 1.5 × 10 −3 m, are the x and y components of the equilibrium position of the cantilever magnets relative to the centered stage. The parameters dp L and dp R represent the deflection of the gate (i.e., of the cantilever) having a spring (k1). For a given deflection of the left-or right-hand side magnets that happens as a result of the harmonic excitation at the gate in the physical system, the potential becomes asymmetric and unstable, which induces a shift in the control stage position (Fig. S2 ). The energy potential of the control stage when it is exactly in the center between the two cantilevers is defined as the reference (i.e., equilibrium) state. The potential of the control stage moving from left to right or from right to left is plotted against the reference case (Fig. S2) . The amount of energy required to switch a single transistor from one state to the other is estimated to be ≈70 µJ, corresponding to the required shift to modify the energy potential.
To demonstrate the stability of the proposed concept, we present the measured output signal in a NOT gate to alternating inputs of ones and zeros (Fig. S3) . The output signal is consistent between multiple cycles.
Band-Structure Analysis for the Metamaterial
We calculate the band structure of an infinite array of the spiralspring unit cells, using the finite-element method. We solve the elastic wave equations in three dimensions and apply the Bloch wave formulation in plane (i.e., Bloch boundary conditions) (30) . We consider the wave propagation along the direction of periodicity, in the Γ-X direction (Fig. S4, Left) . We then construct a finite system, corresponding to the experimental setup, consisting of an array of seven unit cells. We fix one end of the structure and apply a dynamic load to the other end. We obtain the frequency response function of the metamaterial in Fig. S4 , Right. Both finite and infinite predictions agree well, particularly in the band gap frequency range, highlighted in gray. The band-gap range also agrees well with the experimental results (Fig. 1C) .
Different Realizations of Logic Gates
The unified logic platform (Fig. 2) , designed to perform all of the mechanical logic operations, is composed of four interconnected transistors. However, some of these operations could also be performed with a lower number of transistors, in different configurations. For example, the NOT operation requires only a single transistor (Fig. S5A) . The OR and NAND operations can be achieved using only two transistors connected in parallel (Fig. S5B) . Similarly, the AND and NOR operations can be realized with two transistors connected in series (Fig. S5C) . The only two gates that require four interconnected transistors are the XOR and XNOR (Fig. S5D) .
Metamaterial Quality Factor
We characterize the quality factor, Q, of the spiral-spring resonators in the metamaterial by measuring the resonance ampli- tude of a single spring, using a mechanical shaker as a harmonic excitation source and a laser Doppler vibrometer to detect the velocity of the central mass of the spring. The calculated Q = f /∆f is ≈20 (Fig. S6) , where f is the resonance frequency and ∆f is the width of the frequency range for which the amplitude is 1/ √ 2 of its peak value.
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